Abstract-Frequency modulation technique can be applied to microelectromechanical systems (MEMS) transducers that require some form of resistive sensing. For example, electrothermal sensing is being investigated as a viable means of measuring displacement in micromachined transducers. This paper proposes a highly sensitive readout circuit, which can convert 10 change of resistance in a 400 electrothermal sensor to more than 200 kHz frequency variation (350-550 KHz). The frequency variations are then converted to voltage values by means of a frequency demodulation. In addition, the proposed technique achieves high linearity from the voltage applied to the actuator to the voltage measured at the sensor's output, which can potentially eliminate the need for an additional linearization if the sensor is used in a feedback loop. The proposed approach leads to high sensitivity in the MEMS electrothermal sensing since the method is not affected by amplitude variations that could arise from the readout circuit.
Abstract-Frequency modulation technique can be applied to microelectromechanical systems (MEMS) transducers that require some form of resistive sensing. For example, electrothermal sensing is being investigated as a viable means of measuring displacement in micromachined transducers. This paper proposes a highly sensitive readout circuit, which can convert 10 change of resistance in a 400 electrothermal sensor to more than 200 kHz frequency variation (350-550 KHz). The frequency variations are then converted to voltage values by means of a frequency demodulation. In addition, the proposed technique achieves high linearity from the voltage applied to the actuator to the voltage measured at the sensor's output, which can potentially eliminate the need for an additional linearization if the sensor is used in a feedback loop. The proposed approach leads to high sensitivity in the MEMS electrothermal sensing since the method is not affected by amplitude variations that could arise from the readout circuit.
Index Terms-Electrothermal sensing, frequency modulation, linearity, microelectromechancial systems.
I. INTRODUCTION
T HE DESIGN of (microelectromechanical system) MEMS transducers is a multi-disciplinary area of research that spans fields as diverse as circuit design and device physics in electronics to mechanics and thermodynamics. Two interesting applications of MEMS to emerge in recent years are nanopositioners and microgrippers. Nanopositioners have found applications in scanning probe microscopy [1] , atomic force microscopy [2] and ultra-high-density probe storage system [3] . Microgrippers are utilized for manipulation of sub-micrometer-sized objects and biological cells [4] , [5] . A typical device consists of high precision sensors and actuators plus a feedback control loop. The displacement produced by the actuator is measured by a sensor, whose output is fed back to the actuator to increase positioning accuracy of the system. As illustrated in through acquiring the location or displacement of the actuator by a sensor and its application via a feedback loop to the actuator input. Several sensing techniques for precise control of MEMS micro-actuators have been proposed, offering high sensing accuracy. For instance, in [6] piezoresistive sensor is used to measure the displacement of an actuator.
Among the different sensing and actuation schemes in MEMS, electro-static (capacitive) and electrothermal (resistive) methods have attracted much attention [7] . Capacitive sensing is widely used for displacement measurement in MEMS transducers. One of the issues with this method of sensing is the relatively large footprint of the resulting sensor. Electrothermal sensing has been proposed as an alternative solution [8] . These sensors can be designed to be of a very small form factor, freeing up space that, otherwise, can be used for other purposes, e.g. actuation.
The sensor precision and performance depend on the readout circuitry designed for its output measurement as well as its proper mechanical structure. Regarding the readout circuitry, conventional amplifiers may not be the best option for use as a sensor front-end since their input noise is rather high. Common low frequency signal measurement techniques include low noise amplifiers, auto-zeroing, and chopper modulation [9] . The latter has emerged as a popular sensing front-end for capacitive MEMS transducers since it avoids the 1/ f noise associated with operational amplifiers by using an amplitude modulation technique. The principle of chopper modulation is to up-convert the signal to higher frequencies where amplifier flicker noise is less than the thermal noise floor. Then, the up-converted signal is amplified and finally down-converted to obtain the original low-frequency signal. The clock feed-through and jitter are the main drawbacks of this method. Chopper amplifier has been proposed for electrothermal sensing in [10] . However, only simulation results are presented and most of the practical issues are ignored. This work utilizes a frequency modulation (FM) technique to realize a sensor readout circuit for electrothermal sensors. With this method, the signal obtained from the sensor is measured in the frequency domain rather than the amplitude domain. The frequency modulated signals are less prone to amplitude noise. Typicaldistortions on the signal,arising from the electronic circuits, will not normally affect the performance of a FM signal as they are based on frequency, not amplitude. The proposed method features a linear input-output relationship, by combining the nonlinear frequency modulation with inherent nonlinearity of the actuator.
The remainder of the paper continues as follows. In Section II, we have addressed the operation principles of the micro-actuator. In Section III, we propose the frequency based front end for electrothermal sensing including the circuit and the system. Implementation details and experimental results are presented in Section IV which is followed by conclusions.
II. ELECTROTHERMAL MICROACTUATORS
Electrothermal displacement sensors and actuators are commonly fabricated from doped silicon and/or poly-silicon. Fig. 2 shows a one degree of freedom (DOF) MEMS nanopositioner, designed by our group, that works based on the concepts of electrothermal actuation and electrothermal sensing [11] . An input voltage is applied to the actuator component of the device via ports 1, 2. This results in a proportional current passing through the silicon beams of the electrothermal actuator. The actuator' send point is attached to a stage (S), whose movements are to be controlled. The stage functions as a heat absorbing mass, which moves relative to a pair of resistive position sensors (R M E M S1 , R M E M S2 ). The resistance of each sensor is proportional to its temperature. The heat Fig. 3 . Doped silicon cantilever noise power density [13] . generated by the resistors is transferred to the mass, which is at a much cooler temperature. The structure of the MEMS device is designed such that the movement of the heat absorber in either direction (up or down in Fig. 2 ) has opposite effects on the heat transfer rate from the two sensors. Therefore, any displacement would cause a differential variation in the resistances R M E M S1 and R M E M S2 .
The piezoresistivity of the doped silicon should also be considered for sensors. According to this property the resistance of doped silicon is a function of applied force/stress [7] . Since the beams which are used as the electrothermal sensors in this work are anchored at both sides, the temperature variation results in expansion or contraction. This leads to the stress induced resistivity. In addition to the crystal orientation of silicon, piezoresistivity is a function of doping concentration, type of dopant and the temperature of substrate. Piezoresistivity can be ignored in this application providing that:
1) The parameters that contribute to piezoresistivity affect the sensors in the same way. The differential design of the sensor cancels out their contributions. 2) According to [7] , [12] , [13] , the temperature increase reduces the piezoresistivity of the doped silicon. A typical commercial piezoresistive sensor has a thermal resistance change ten times the full-scale stressed resistance change over a temperature range of 55°C [12] . The sensors used in this work are heated upto 400-600°C to increase the thermal sensitivity. Thus their piezoresistivity is substantially reduced. Furthermore MEMS performance suffers from noise of three distinct sources: mechanical, electrical and quantization noise. Mechanical noise is the thermal agitation of fluid molecules around the proof mass and is also a function of mechanical properties of the device. It is dominant in the surface micromachined devices; however, it's ignorable in the bulk micromachined devices, which provides more flexibility in mechanical properties [14] . Also the system under investigation here is a pure analog one, so the quantizatioin noise doesn't affect the system performance.
Electrical noise is mainly divided into two categories the thermal and the flicker noise. Doped silicon resistors suffer from the flicker noise as well as thermal noise [15] - [17] . Commonly, the flicker noise power overwhelms the thermal noise at low frequencies, as illustrated in Fig. 3 . The noise power depends on frequency, the applied current, and the dimensions of the resistor. According to [15] noise power is proportional to the square of the applied current and inversely proportional to applied signal frequency and cross-sectional area of the resistor. In particular, sensing resistors should be heated up in order to reach adequate sensitivity. A significant current in the order of mA must pass through the resistor to heat it up. Thus, the low frequency noise associated with the resistor becomes significant. More detailed noise formulation is presented in the Appendix.
The electrothermal resistance changes should be measured by the interface circuit. Most readout circuits, proposed in the literature, utilize low noise instrumentation amplifiers. [11] , [9] . In addition to the intrinsic flicker (i.e. 1/ f ), and thermal noise of the electrothermal sensors, the amplifier noise also adds to the output noise, and thus will degrade the SNR performance of the system. Consequently a higher frequency measurement is likely to reduce the amplifier noise effect on the final result.
The relationship between the applied input voltage and the achieved displacement in a typical MEMS electrothermal actuator is nonlinear. The measurement results for the MEMS actuator in [18] illustrates a quadratic transfer function from the actuation input voltage to displacement. In case of using the available readout circuitries which offer a linear transfer characteristic, the feedback network should compensate the nonlinearity which increases the system complexity. The readout technique proposed here leads to a linear input-output relationship in addition to the sensing at high frequencies to reduce the effect of noise sources.
III. FREQUENCY MODULATION SENSING TECHNIQUE
This section first describes the proposed approach for sensing the resistivity changes corresponding to the electrothermal sensors in the system level. Then, the circuit design procedure including the ring oscillator and front-end circuitry are discussed.
A. Frequency-Based Measurement
Significant efforts have been reported in the literature to develop frequency based measurement methods for resistive sensing [19] , [22] . The nonlinear relationship between the input voltage and the output frequency is a common issue with these works. An electrothermal sensor measurement with a high frequency output is reported in [22] . Also an oscillator based signal conditioning is introduced in [19] . Neither of these approaches returns the information in voltage amplitude form, as is needed in a feedback-controlled system. The time based measurement method, introduced in [21] and [20] , that is designed for gas sensors, converts large resistance variations in the range of 1 k to 1 G to a measured signal. However, this method is not applicable to MEMS resistive sensors that typically undergo much smaller changes, e.g. less than 10 resistance change here in a 400 sensor.
In this work, a frequency-based measurement is used to avoid the noise contribution of the existing amplifiers to the electrothermal MEMS sensors. Additionally, the circuit configuration is designed to provide a linear relationship between the actuator input and the sensor output voltages. The electrothermal resistive changes, which contain the displacement information associated with the stage (See Fig. 2 ), demonstrate a nonlinear behavior as shown in Fig. 4(a) . The front-end circuit translates the resistive changes to voltage values in a linear way (Fig. 4(b) ). Then, the voltage changes result in the frequency variations in a ring oscillator configuration which is inherently nonlinear (Fig. 4(c) ). The voltage-frequency characteristic of ring oscillators designed to be inverse of the former nonlinearity. The final output is either a dc, or a slowly varying voltage, which indicates the resistance of the sensor. This voltage is obtained by demodulating the frequency modulated signal (Fig. 4(d) ). The measured nonlinearity of transfer function is depicted in Fig. 5 . In addition the displacement to resistive changes transfer function adds to this no linearity in the same manner. This has been proved through thermodynamic and electrical analysis. The proposed system's functionality is depicted in Fig. 6 . The changes in the sensing resistor translate to frequency variations (F I N ) that could be demodulated to a voltage ( Fig. 6(a) ). As shown, in more details, in Fig. 6(b) , electrothermal resistive changes modulate the output frequency of the oscillator VCO1 (voltage controlled oscillator). That is, the output frequency of VCO1 is modulated by changes in the resistance of the electrothermal sensor. In order to demodulate the FM signal back to a DC voltage (i.e. sensing voltage).
In the first design, the frequency variations are detected using a phase locked loop (PLL) circuit, which is a widely used frequency demodulation technique. In Fig. 6(b) the output frequency of the reference oscillator (VCO1) is the PLL input frequency (F I N ) . The phase-frequency detector (PFD) in the PLL compares the two inputs and locks the VCO2's output frequency to the PLL input frequency (F I N ) . Consequently, the loop follows the VCO1's frequency variations. Until the loop stays in the lock condition, very slight frequency variations appear as phase difference between PFD inputs. The phase difference is extracted by the PFD and transformed to a slowly varying (dc) voltage through a low pass filter (LPF) at the VCO2 input. The frequency-demodulated signal is obtained at the LPF output. PLL FM demodulators have superior linear performance in comparison with the other types of demodulators. While the LPF determines the bandwidth of the demodulated output, it can be utilized to control the low frequency noise. In telecommunication applications where PLLs are used as frequency demodulators, the signal bandwidth is often much wider than what is pursued in this work.
Another popular demodulation approach circuit for frequency modulated signals is frequency to voltage conversion. As illustrated in Fig. 7 the input frequency (F I N ) triggers the one-shot circuit which subsequently steers a constant current source (α) to either the output or the summing node of the integrator. This produces a dc voltage proportional to the ON time of the one-shot circuit and the input frequency that is the duty cycle of the current pulse applied to integrator input. Therefore, the current signal at the integrator input will be a pulse wave with a frequency equivalent to F I N and on- 
A comparison of the two aforementioned frequency demodulation schemes is provided later in section IV.
B. Ring Oscillator
A ring oscillator circuit is utilised to translate the resistive changes to frequency variations as VCO1 in Fig. 6(a) . A ring oscillator can be implemented with an odd number of single ended inverters connected in a positive feedback configuration as illustrated in Fig. 8 . The oscillation frequency of the system is determined as follows [23] :
where, n is the number of stages, and τ is the delay generated by each inverter stage. R represents the inverse of transistor's transconductance (g m ) and C represents the node's capacitance, both of which are varying by the supply voltage. Oscillation frequency can be tuned by manipulating the number of stages, loading, drive strength and supply voltage of inverters. Furthermore, a proper combination of the mentioned methods can result in a wider tuning range [24] . However, changing the supply voltage is the most convenient, and the only practical approach available to us. It also leads to a conveniently wide tuning range. The only disadvantage associated with this method is the presence of a higher level of jitter at low frequencies. Supply induced jitter reduction techniques are discussed in the next section. External large capacitors are added to the inverter input/output nodes to cancel out the voltage variable parasitic capacitances associated with the inverter transistors. Hence, the only viable option to control the oscillation frequency of the system is to manipulate the g m. A transistor's transconductance is not a linear function of the supplied voltage. This leads to a nonlinear relationship between the supplied voltage and oscillation frequency. The non-linearity of voltage to frequency transfer characteristic of a VCO with differential inverters is explained in [25] . The input control voltage drives the inverter transistors in cutoff, saturation and linear regions. The analytical relationships for all of the operation regions are derived; however the final transfer function is achieved through simulation. An inverter based ring oscillator has been simulated here. This is established by simulating the operation of a 3-stage inverter-based ring oscillator, consisting of TSMC 0.18 μm CMOS transistors. Simulations were performed on a Spice simulator and the results are illustrated in Fig. 9 .
The linearity of the voltage to frequency (V/F) conversion of ring oscillators is a matter of concern in conventional applications, and several linearization techniques have been proposed in the literature, e.g. see. [26] , [27] . In the following we illustrate how this inherent nonlinearity can be utilized to mitigate the nonlinear response of electrothermal actuators.
As mentioned before displacement of an electrothermally actuated nanopositioner is a nonlinear function of the actuating voltage [11] , [18] . Such quadratic nonlinearities are commonly observed in MEMS electrothermal actuators of various types, as well as in MEMS capacitive actuators. This nonlinearity is very similar to the inverse of the V/F characteristic of a VCO. Thus, by combining the two, one may expect to obtain a relatively linear relationship between the actuating voltage and the measured displacement.This is achivable by selecting a proper value for the node capacitance of the ring oscillator.As illustrated in Fig. 9 the different nonlinear relationships is achievable by using different parasitic capacitors (Cp) at the inverters output node. The curves in Fig. 9 are obtained by simulating the same ring oscillator with different node capacitances. The mathematic relationship is fitted to the curves in MATLAB computer program. For Cp = 1 pF the added parasitic is in the order of parasitic capacitances of transistors. Therefore,the voltage (supply voltage in this case) controls the oscillation frequency through both transcondactance and internal capacitances of the transistors. However for Cp = 7, 15 pF the added capacitance dominates the node capacitance value so the denominator of (2) is fixed with respect to control voltage. Accordingly in the experiments we use large capacitances to control the achivable nonlinearity.
Electronic oscillators used in telecommunication systems generally suffer from phase noise. Phase noise in the frequency domain translates to jitter in the time domain. The phase noise phenomenon in ring oscillators has been discussed in [28] . The main contributor to the phase noise close to the center frequency is the flicker noise of the inverters' tail current supply that up-converts into the close vicinity of the oscillation frequency. Insertion of a large capacitor between the supplying tail current and the ground, as illustrated in Fig. 10 , can be used to reduce this noise [29] . The large capacitance, when combined with the output impedance of the current source acts like a low-pass filter and suppresses the flicker noise at the baseband, avoiding its up-conversion.
We have utilized the available simple digital gates at the inverter chain to explain the operation of ring oscillators. However, digital gate inverters cause degradations in phase noise performance of ring oscillators in comparison with the differential and current steering inverters [30] . Further improvement can be achieved by replacing voltage supplies with current sources. This has been shown to lead to 4 to 6 dB phase noise reduction at the same oscillation frequency with similar design parameters [31] .
C. Front-End Circuit Design
In order to convey the resistive changes to oscillator control voltage the simple interface circuit including M1, M2 and reference resistors is designed as shown in Fig 10. Since M1 and M2 are designed to operate in saturation the input-output transfer characteristic is supposed to be linear.
Applying the aforementioned phase noise reduction techniques, a ring oscillator circuit with better noise properties was designed. The circuit depicted in Fig. 10 , is designed to replace the reference oscillator VCO1 in Fig. 6(b) . This circuit transforms the variations in the electrothermal sensor's resistance to frequency variations. As a result, the oscillation frequency of ring oscillator is a function of the MEMS resistor and consequently the actuator displacement. The reference resistor (R re f ) is a discrete (lumped) resistor selected to be almost the same value as the MEMS electrothermal sensor resistance. This is clarified through the following explanation.
Assuming R M E M S = x and R re f = y, the M1 gate voltage is as follows:
The sensitivity of Vg to x is therefore defined as in (4)
In order to maximize the sensitivity of the circuit to MEMS electrothermal resistor changes, the maximum of S x with respect to y should be found. Differential equation (5) is obtained by taking the partial derivative of (4) with respect to y
From (6) it is inferred that the maximum sensitivity of the circuit to R M E M S variations will be achieved if R re f = R M E M S . Fortunately, this coincides with the optimum bias point of M1 to operate in saturation mode.
The power supply induced jitter requires attention since the noise from the MEMS devices reaches the supply line of the ring oscillator by going through M1 and M2. This noise, as indicated earlier, has a low pass characteristic. According to [30] , a digital gate has a low-pass transfer function from the power supply to output of the ring oscillator, while the differential pair and the current steering gates have a high-pass nature. Obviously, we may expect better noise performance for the system if the high-pass transfer functions of those inverters filter out the supply induced noise.
Here, the oscillator was realized from off-the-shelf digital gates. This is expected to affect the overall noise performance of the proposed scheme since they pass the supply noise, which is affected by the noise of MEMS devices. Thus, in order to suppress the noise over the lowest possible frequency ranges, a large noise canceling capacitance (C in Fig. 10 ) is connected to the common drain of M1, and M2, both of which are operating as tail current sources. Each of these techniques significantly improves the implemented circuit performance in terms of phase noise and jitter. 
IV. EXPERIMENTS AND DISCUSSION
The sensing technique explained in Section III has been applied to the MEMS nanopositioner reported in [11] . The device is utilized as an electrothermal displacement sensor. Electrothermal position sensor resistors, (R M E M S1 , R M E M S2 in Fig. 2, Fig. 10 ) are connected in series with the reference resistors of the same values to a 5 v dc supply (V dd in Fig. 10 ). The actuation mechanism of this device is also electrothermal. By applying the variable actuation voltage (0∼5 V) to ports 1, 2 in Fig. 2 , the stage (which functions as the heat absorber for electrothermal sensors) moves relative to the hot sensor resistors. Since the stage is cooler than the sensors, it absorbs the heat and changes the sensor resistance. The sensing circuit is implemented using off-the-shelf integrated circuits (ICs) as follows. M1 and M2 in Fig. 10 are implemented using CD4007 [32] , which contains three NMOS and three PMOS transistors. In order to adjust the quiescent points of M1 and M2 (as it was impossible to change the aspect ratio of the transistors) two NMOS and three PMOS transistors were connected in parallel. The ring oscillator is realized from five 74HC04 inverters [33] . First a PLL based demodulation technique used to recover the sensing signals. Phase/frequency detector (PFD) and VCO2 of Fig. 6 (b) are integrated in 74HC4046, which is a PLL IC. [34] . The low pass filter is externally connected to the PLL.
As illustrated in Fig. 11 the experimental results show that VCO1 and VCO2 track each other while the PLL is in phase lock condition. The demodulated output is represented with Ch1. Oscillation frequency of VCO1 increases from 390 kHz to 550 kHz for the actuation input voltage varying from 1 v to 6 v. The dc demodulated output varies almost linearly from 3.4 V to 4.8 V for the same actuation voltages as shown in Fig. 11 . Therefore the output voltage which is going to be used as a feedback signal is a linear function of input actuation voltage. This could be comparable the previous work in which a look-up table was designed in feedback path to mitigate the nonlinearity of forward path [11] .
As indicated in Section III, the linearity of the transfer function from the input actuation voltage to the last sensor output in micro-actuators is highly desirable. A ring oscillator generates a nonlinear transfer function from the input voltage to the output frequency. By placing the ring oscillator after the front-end of the readout circuitry we managed to achieve an almost linear relationship between the signal applied to the actuator (which is a nonlinear device) and the last sensed voltage, as shown in Fig. 12 . Also Fig. 13 is obtained by Agilent spectrum analyzer (N9020A) tracing the output spectrum of the oscillator while the actuation voltage was being increased.
Power spectral density of the measured low frequency signal is shown in Fig. 14 . The data was acquired using a HP 35670A dynamic signal analyzer. The low frequency noise is shown at various offset frequencies. In particular, −72 dB vrms output noise power is achieved at 2 Hz offset frequency. In order to demonstrate the MEMS resistor's noise contribution it was replaced with a lumped resistor, of the same resistance. About 10 dB noise power difference can be observable in the 2-20 Hz frequency range. This implies that, in addition to the flicker noise discussed in part II of this paper, the sensing system is prone to thermal noise arising from the heated MEMS resistors. During these experiments the lumped resistor was kept at the room temperature.
The most common approach to frequency demodulation involves using a PLL. However, in order to understand the overall frequency modulation technique clearly, such as the relationship between the actuation voltage and the demodulated output voltage and the noise performance, a frequency to voltage converter circuit is also implemented, shown in Fig. 7, [35] . The ring oscillator output VCO1 was applied to the frequency input of the AD650. The output spectrum is illustrated in Fig. 15 . In order to determine contributions of VCO1 and the front-end to the resulting low frequency noise a signal generator was directly applied to the AD650. The result is about 10 dB lower noise power at 1 Hz. The difference is obviously generated by a combination of the MEMS device and the oscillator circuit. The former could be improved by some modifications in the mechanical design of the device, while the latter requires an improvement of the utilized circuit design techniques and components.
Since the two demodulators are implemented with different off-the-shelf devices, a fair comparison of their performances may be rather difficult. However, the second approach requires fewer components and involves a simpler architecture to realize the requisite demodulation circuit. Thus, it has the potential to result in less noise at the output. Furthermore, in the first approach, the input signal bandwidth follows that of the PLL's, which is directly proportional to its lock range. Moreover, due to the trade-off between the PLL bandwidth and the phase noise passed through the PLL, a narrower bandwidth is desired. This constraint does not apply to the second approach. Instead, the settling accuracy of the circuit shown in Fig. 7 is determined by the integrator's R and C. Besides, the dc output voltage generated by F/V converter depends on the power supply and could be wide enough.
A comparison of the proposed system with similar circuits proposed for resistive sensing in the literature is summarized in table 1. They differ in the resistance variation range and its temperature. In the application pursued here, the resistors are heated up to increase the sensitivity of device vs. temperature. On the other hand the output noise level increases as a heating consequence. Also the nonlinear circuit designed in this work combines with the nonlinearity of the actuator and produces a linear input-output relationship. However the interface circuits designed in [10] , [20] , [36] are linear readout front-ends which are not suitable for this application.
V. CONCLUSION
A highly sensitive sensor readout circuit is designed and implemented. The readout circuit uses a frequency modulation and demodulation technique to sense the changes of a MEMSbased electrothermal sensor's resistance. A linear relationship between the input actuation voltage and sensor output signal has been achieved while maintaining the same noise performance as other high sensing measurement techniques. After actuation, the variation in the sensing element is frequency modulated using a ring oscillator, oscillating in the frequency range of 350-550 kHz. Thus, the sensing is done at a much higher frequency than the low frequency ranges where there are noise sources.
A practical demodulation circuit is implemented to recover the modulated sensing signal. Experimental results demonstrate about −72 dB Vrms output noise floor at the 2 Hz offset frequency. Noise contribution due to the doped silicon is also characterized and discussed. Furthermore, the overall transfer characteristic from the input actuation voltage to the sensor output is almost linear. The off-the-shelf components are used to realize a practical system as a proof of concept. However, more competitive results can be expected from an application specific integrated circuit design of the proposed circuit. APPENDIX Thermal noise which is generated by electrothermal sensors or micro-heaters is significantly higher than ordinary resistors because of their high temperature. Theoretical thermal (Johnson) noise for resistive devices and flicker noise for almost all electronic components are as following: where K is a constant for the device, I is a direct current, f is frequency and a and b are constants.
